Mouse and rabbit ferritin mRNAs translate very poorly in rabbit reticulocyte lysates relative to most other mRNAs. This translational deficiency is not seen in wheat germ lysates, suggesting the presence of an inhibitor in reticulocyte lysate that is specific for ferritin mRNA. A specific repressor of ferritin mRNA translation has been partially purified from rabbit reticulocytes by differential ultracentrifugation, ammonium sulfate fractionation, and chromatography on phosphocellulose, DEAE-cellulose, and Sephacryl S-300. The elution profile from the latter suggests an aggregate molecular mass of 180 kDa for the repressor. The inhibitory activity of this repressor against native ferritin mRNA can be relieved by adding in vitro transcripts of ferritin light-chain RNAs that contain the first 92 nucleotides of the 5' untranslated region. No other sequences appear to be necessary for this effect.
Ferritin is the major iron-storage protein in eukaryotes (1) (2) (3) . Its synthesis is regulated by iron (4) (5) (6) (7) (8) . Early evidence suggested that the primary site of this regulation may be translational (4) (5) (6) (7) (8) (9) . This has been confirmed recently by the discovery of the "iron-responsive element" (IRE), a highly conserved sequence of 28 nucleotides, in the 5' untranslated region (5' UTR) of all ferritin mRNAs (10) (11) (12) (13) . The presence of this sequence renders the translation of downstream open reading frames (ORFs) responsive to the iron status of the cell. It seems likely that iron does not interact directly with the IRE, but rather that its effects are mediated by one or more "repressors." These substances would be expected (i) to bind specifically to the IRE sequence within the mRNA and (ii) to be sensitive to intracellular iron pools.
In this communication we describe the identification and partial purification of one such repressor, an ==180-kDa complex composed primarily, if not exclusively, of protein.
Its distinctive feature is that it inhibits translation of both light-and heavy-chain (L and H) ferritin mRNAs in a wheat germ lysate with a high degree of specificity. Moreover, this inhibition can be relieved by the addition of short RNA transcripts containing the IRE sequence. No other region of the L ferritin mRNA sequence is required for this effect, suggesting that the repressor recognizes the IRE specifically.
METHODS
In Vitro Protein Synthesis Assays. In vitro translations in wheat germ lysates (Bethesda Research Laboratories and Promega Biotec) were performed following the manufacturer's recommendations, except that 10-1.l reaction mixtures were used unless otherwise stated. [35S] Methionine (Amersham; .600 Ci/mmol; 1 Ci = 37 GBq) was used as label in all cases. Liver poly(A)+ RNA was obtained by standard procedures (14, 15) . Analysis of translation products by immunoprecipitation and sodium dodecyl sulfate (SDS)/ PAGE was as described (16) , except that 12% polyacrylamide gels were used and, in Fig. 6 , the pH of the SDS-containing sample buffer was adjusted to above pH 12 to ensure hydrolysis of 32P-labeled transcripts.
In Vitro Transcription. [20 mM Tris*HC1, (pH 7.4) containing 150 mM KCI, 1 mM dithiothreitol, 0.1 mM EDTA, and 10% (vol/vol) glycerol; buffers A-500 and A-1000 were identical, except that they contained 500 and 1000 mM KCl, respectively; buffer A lacks KCI] and dialyzed against three changes (2 liters each) of this buffer. The volume of the dialysate was only one-eighth that of the original S-100; more than 90% ofthe hemoglobin present in the S-100 was removed in this step.
Phosphocellulose chromatography. The 55% ammonium sulfate precipitate was loaded onto a phosphocellulose column (Whatman P11) equilibrated in buffer A-150. Protein was eluted from the column with a step gradient of buffer A-150 followed by buffer A-500 and buffer A-1000 (one column volume of each). The material eluted at each KCl concentration was pooled and designated as follows: PCI, for material eluted at 150 mM KCI; PCII, for material eluted at 500 mM KCI; and PCIII, for material eluted at 1 M KCL. These fractions were tested for repressor activity by adding aliquots of each to a wheat germ translation system containing mouse ferritin mRNA. The results of this analysis showed that ferritin-specific repressor activity was eluted from phosphocellulose in the PCI fraction. The PCI fraction was concentrated by precipitation with the addition of ammonium sulfate to 70% saturation, and the pellet was dissolved in Abbreviations: ORF, open reading frame; UTR, untranslated region; PCI, repressor fraction eluted from phosphocellulose; S3PI, repressor fraction eluted from Sephacryl S-300; IRE, iron-responsive element; S-100, the 100,000 x g supernatant from a rabbit reticulocyte lysate; AMV, alfalfa mosaic virus; H, heavy chain; L, light chain.
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buffer A and dialyzed against three changes (2 liters each) of the same buffer.
DEAE-cellulose chromatography. The PCI fraction from phosphocellulose chromatography contained about 70% of the UV-absorbing material loaded onto the column. To further purify the repressor, the dialyzed PCI fraction was loaded onto a DEAE-cellulose column that had been equilibrated in buffer A. In preliminary binding assays we found that the ferritin-specific repressor in PCI did not bind to DEAE-cellulose in 100 mM KCI at pH 7.4. Therefore, elution of repressor was performed with a linear KCl gradient, from 0 to 100 mM KCl in buffer A. Fractions were collected and tested for repressor activity, as described above. The results showed that ferritin specific translational repressor activity began to be eluted from DEAE in starting buffer (buffer A) and was completely eluted by the time the KCl concentration reached 3 mM.
Sephacryl 5-300 chromatography. The peak of activity from the DEAE-cellulose column was concentrated by precipitation at 70% ammonium sulfate, dissolved in buffer A-100, and dialyzed against three changes (500 ml each) ofthe same buffer. It was loaded onto a column (1.6 x 63 cm) of Sephacryl S-300 and eluted with buffer A-100. Fractions (2 ml) were collected and tested for repressor activity, which was eluted in a peak designated S3PI. RESULTS
Demonstration of Translational Repression in Vitro. We investigated the relative translational efficiency of ferritin mRNA in the wheat germ and rabbit reticulocyte lysates. A mouse mRNA fraction, isolated from free messenger ribonucleoprotein (9) , was mixed with alfalfa mosaic virus (AMV) mRNA and translated in both in vitro systems. Analysis of total and immunoprecipitable translation products is shown in Fig. 1 These data suggest that reticulocytes are specifically limited in their capacity to translate ferritin mRNA. Consistent with this result, Dickey et al. (17) reported that bullfrog ferritin mRNA is translated poorly in the rabbit reticulocyte lysate.
One explanation for the inability to translate ferritin mRNA in the reticulocyte lysate is that these lysates contain a repressor of ferritin mRNA translation. To investigate this further, we examined the effects on 'ferritin synthesis of adding reticulocyte S-100 to a wheat germ lysate. The results from a typical experiment are shown in Fig. 2 . Fig. 2A shows the pattern of total protein synthesized from the mouse mRNA/AMV mRNA mixture in wheat germ lysates supplemented with the indicated amounts of reticulocyte S-100. Fig.  2B shows the product immunoprecipitated from these translations by ferritin-specific antiserum. AMV protein synthesis was slightly reduced by the addition of 2 or 4 Al of reticulocyte S-100 to the wheat germ translation mixture, indicating the presence of a nonspecific inhibitor in this fraction ( Fig.  2A) . However, ferritin synthesis was severely repressed by the addition of as little as 1 Al of S-100 to the 30-plI wheat germ reaction mixture. This result indicates that the repression of ferritin mRNA translation seen in the reticulocyte lysate is due to a trans-acting repressor. In addition, it shows that reticulocyte S-100 can be used as a source for repressor purification.
Fractionation of the Reticulocyte Repressor. A repressor of ferritin synthesis was partially purified from reticulocyte S-100 by a combination of ammonium sulfate precipitation, ion-exchange chromatography, and gel filtration chromatography as described in Methods. The 55% ammonium sulfate precipitate contained all of the ferritin-specific repressor found in S-100. When this fraction was loaded onto a phosphocellulose column in 150 mM KCl at pH 7.4, ferritinspecific repressor activity did not bind and was eluted in starting buffer. Analysis of this material, which is called PCI, indicated that inhibitor activity present in it was highly specific for ferritin mRNA translation.' Material that was eluted in higher-ionic-strength buffer washes showed no specific repressor activity. However, there was a low level of generally inhibitory activity present in some of these washes (data not shown).
The PCI fraction was further fractionated by DEAEcellulose and Sephacryl S-300 chromatography. Ferritin repressor activity was eluted from DEAE-cellulose at very low ionic strength in pH 7.4 buffer. The peak of activity was eluted from this column at 0. A"_ -P35
.~~~~~~~~~I . Proc. Natl. Acad. Sci. USA 85 (1988) 9505 tionated on a Sephacryl S-300 column, it was eluted with an apparent native molecular mass of -180 kDa. The peak activity fraction is called S3PI. SDS/PAGE analysis of the PCI, DE52, and S3PI preparations is shown in Fig. 3 . The S3PI lane contains a major band at =65 kDa and minor bands at 15, 60, and 90 kDa. The absence of a band at 180 kDa suggests that the active form of the repressor at low salt concentration (see Discussion) may be a complex of one or more of the polypeptides shown. This purification scheme has resulted in an increase of specific activity of =70-fold relative to the S-100 starting material.
The S3PI fraction represses ferritin mRNA translation with high specificity. This is evident from the data shown in Fig.  4 . In this experiment, a total mouse liver poly(A)+ RNA preparation was translated in a wheat germ lysate to which various amounts of the S3PI repressor had been added. Ferritin synthesis, which is marked by the arrow in the total pattern (Fig. 4A) and identified by immunoprecipitation (Fig.  4B) 4), although here only the relief of H ferritin repression was an accurate indicator, since the M2 transcript itself encodes L ferritin. In contrast, the SX9 transcript (which also encodes L ferritin) did not significantly relieve repression of H ferritin synthesis (lane 7) . We suspect that this is due to the fact that it lacks the 5' UTR region, which contains the IRE. No clear-cut requirement for the 3' UTR was obtained, inasmuch as the D3 transcript relieved repression of H ferritin synthesis (lane 5). However, in our hands transcripts lacking the 3' UTR tend to be inefficiently translated themselves, which may suggest an involvement of the 3' UTR in translational regulation (17) . The band migrating slower than H ferritin in some lanes is probably an artifact arising from mistaken initiation at one of two upstream in-frame CUG codons that exist in the rabbit L ferritin 5' UTR. These codons are absent in the SX9 transcript (compare lanes 8 and 10). The extent of synthesis of this band varied greatly from one experiment to the next (compare Fig.  6 A and B) . As expected, the effect of addition of the Ml transcript was highly specific for repressed ferritin mRNAs. Little or no effect of Ml on the translation of most other mRNAs was evident ( Fig. 6C; compares lanes 3 and 4) . ferritin mRNAs can be partially purified from rabbit reticulocytes. The specificity of this inhibition is high: no effect of the repressor on the translation of any other component of mouse poly(A)+ RNA could be detected (Fig. 4) (20) have reported the identification of an 87-kDa protein that can be specifically crosslinked to RNA fragments from a variety of ferritin mRNAs, all of which include the IRE. This is not inconsistent with the findings reported here, since it may well be that the ferritin translational repressor is eluted from Sephacryl S-300 as a complex of smaller polypeptide chains, as well as other substances (such as RNA). In fact, Sephacryl S-200 filtration at a higher salt concentration suggests a molecular mass between 90 and 100 kDa for this repressor (W. E. W., unpublished results). In any case, its sensitivity to phenol, as well as its high A280/A26o ratio, suggests that the repressor is primarily composed of protein.
The mechanism by which the repressor inhibits translation of ferritin mRNAs is not known. Likely possibilities include blocking the accessibility of the 5' end to eukaryotic initiation factor eIF-4F (21, 22) , preventing the unwinding of mRNA secondary structure by eIF-4A and -4B (23, 24) , and inhibiting the binding and/or scanning of 43S ribosomal subunits (25, 26) .
It is likely that other repressors, with specificities for other mRNAs, may be isolatable from eukaryotic cell lysates by the approach used here. This deduction follows from the fact that the ferritin mRNAs are not unique; rather, they are members of a significant subclass of mRNAs that share kinetic properties that would seem to be diagnostic for translational repression (9) .
Casey et al. (27) recently reported that the transferrin receptor mRNA contains multiple IREs in its 3 ' UTR. We think it likely that these IREs will also be recognized by the repressor substance described here; however, the effect of this recognition would be to stabilize the transferrin receptor mRNA, and not to inhibit its translation. Other mRNAs that contain IREs in other regions may be affected in still other ways by the repressor. Recent experiments have shown that the purest repressor fractions available bind tightly to the Ml transcript and retard its mobility during electrophoresis. This provides concrete evidence that at least a component of the repressor is an IRE recognition factor.
